Beauveria bassiana is an important insect-pathogenic fungus that invades insects by direct penetration of the host cuticle. To delineate the molecular mechanisms involved in fungal infection, a mitogen-activated protein kinase (MAPK) gene, Bbmpk1, which encodes a YERK1 family MAPK was isolated and characterized. Targeted gene disruption of Bbmpk1 resulted in a complete loss of virulence when applied topically to host insects but did not affect growth of the fungus when conidia were injected directly into the hemocoel. Hyphae of the mutant strain growing in the insect hemocoel were unable to penetrate the cuticle growing outwards and consequently failed to sporulate on the cadaver surface. These data suggest that BbMPK1 is essential for penetration of the insect cuticle both from the outside and from the inside-out in order to escape and disperse from the host. Inactivation of BbMPK1 also caused a significant decrease in fungal adhesion to insect cuticles and eliminated their ability to form appressoria. In order to identify downstream genes regulated by BbMPK1, a suppressive subtractive hybridization (SSH) library was generated comparing mutant and wild-type transcripts isolated during appressorium formation. Thirty-one genes screened from the SSH library were determined to be expressed in the wild-type strain but either significantly reduced or not expressed in the mutant. Ten genes showed high or medium similarity to known protein encoding genes, including proteins involved in cell surface hydrophobicity, lipid metabolism, microtubule dynamics, mitochondrial electron transport, chromatin remodeling, transcription, rRNA processing, small nucleolar RNA accumulation, oxidation of aldehydes, translation, and likely other cellular processes.
Entomopathogenic fungi are important natural regulators of insect populations and have attracted much attention as biological control agents for insect pests (4) . However, their use has been limited by low efficacy (36) , and understanding the mechanisms of fungal pathogenesis in insects can aid in the development of more efficient mycoinsecticides. Beauveria bassiana is a well-known fungal pathogen infecting a variety of insect pests, including agricultural pests and vectors of human pathogens, and has been intensively investigated as an important environmentally friendly alternative to chemical pesticides (8, 15, 22) . Similar to the entomopathogenic fungus Metarhizium anisopliae, as well as many plant-pathogenic fungi, B. bassiana invades its host by direct penetration of the host cuticle. Typically, the fungal conidia adhere to the target insect cuticle, germinate across the surface, and begin the process of penetrating the cuticle. Under certain conditions, germlings can differentiate, producing infection structures known as appressoria that subsequently produce penetration pegs. Penetration of the insect cuticle occurs via a combination of mechanical pressure and cuticle-degrading enzymes, principally proteases and chitinases (4, 9) . Once inside the insect hemocoel, the penetrating hyphae differentiate into free-floating single cell propagules known as in vivo hyphal bodies that display distinct morphological and biochemical properties (22, 41) . Thus far, only a few genes involved in the infection processes of B. bassiana have been identified. Most notably, a number of cuticle degrading enzymes and their genes have been characterized (1, 8, 52) . In addition, two nonribosomal peptide synthetase (NRPS) encoding genes bbBeas and bbBsls, responsible for the synthesis of the insecticidal virulence factors beauvericin and bassianolide, respectively, have been recently identified (49, 50) .
Mitogen-activated protein kinase (MAPK) signaling pathways play a pivotal role in sensing extracellular signals and relaying the signals to control gene expression (13, 31) . The yeast and fungal extracellular signal-regulated kinase subfamily (YERK1) represented by Fus3/Kss1 in Saccharomyces cerevisiae (19) is among a MAPK superfamily that is essential for pathogenicity of many fungal phytopathogens (47) . MAPKs have been directly implicated in regulating infection-related development in diverse plant pathogenic fungi, including Magnaporthe grisea (48) , Colletotrichum lagenarium (38) , Fusarium oxysporum (6) , Botrytris cinerea (54) , Cochliobolus heterostrophus (20) , Pyrenophora teres (35) , and Alternaria brassicicole (3) . M. grisea, C. lagenarium, and P. teres produce melanized appressoria that generate strong turgor pressure. In these fungi, MAPK (Fus3/Kss1-homolog) mutants are defective in appressorium formation and are nonpathogenic as a result of their inability to penetrate the plant epidermis and thus colonize host plant tissues (35, 38, 48) . Disruption of the MAPK gene CHK1 results in mutants that do not form the small appressoria characteristic of C. heterostrophus. These mutants are able to penetrate into the maize leaf, but the development of disease symptoms is significantly decreased (20) . Although disruption of a Fus3/Kss1 homolog-encoding gene, amk1, in A. brassicicole did not influence appressoria formation, the amk1 mutants were nonpathogenic when applied to intact plants (3) . Some fungal phytopathogens, such as F. oxysporum and B. cinerea, do not make appressoria but directly penetrate the host tissue. Disruption of MAPK genes in these fungal pathogens also results in defects in pathogenicity due to their inability to penetrate the host cuticle (6, 54) .
MAPK genes play a role in signal pathways that regulate cell development via a relay of proteins that ultimately affect gene expression. Thus, the gene expression profiles of mutants blocked in a particular signal transduction pathway, compared to the wild type, can provide a powerful means to identify targets of the pathway. Knowledge of these targets should provide clues to the mechanism by which the pathway affects development. In the rice blast fungus, suppression subtractive hybridization (SSH) was used to isolate genes underexpressed in a mutant lacking the MAPK pmk1 at the appressorium formation stage (51) . A similar strategy was used to isolate target genes regulated by the CHK1 MAPK in the southern maize leaf blight pathogen C. heterostrophus during infection on the host plant (21) .
Little is known about the role of MAPK signal transduction in insect fungal pathogens. Recently, we characterized a Hog1 MAPK encoding gene in B. bassiana. The Hog1 MAPK was found to regulate stress responses and to be involved in virulence and other characteristics associated with pathogenicity (53) . In the present study, we identified Bbmpk1, a gene encoding a YERK1 family MAPK in B. bassiana. Targeted gene disruption of BbMPK1 revealed that it is required for penetration and appressorium formation. In order to identify downstream genes regulated by BbMPK1 and involved in infection, an SSH library was constructed enriched for genes regulated by BbMPK1 at the stage of appressorium formation. Nineteen genes were screened from the SSH library and were found to be expressed in the wild-type strain but not in the mutant. The transcript levels of 12 additional genes were found to be significantly reduced during appressorium formation in the mutants compared to the wild-type parent.
MATERIALS AND METHODS
Fungal and bacterial strains. B. bassiana Bb0062 single spore isolate was previously described (10) . Cultures were grown on Sabouraud dextrose agar (Difco Laboratories, Detroit, MI) supplemented with 1% (wt/vol) yeast extract (SDAY) for 14 days at 26°C with a 15-h light/9-h dark cycle. Escherichia coli DH5␣ was used for DNA manipulations and transformations. Agrobacterium tumefaciens AGL-1 was used for fungal transformations.
Identification of the Fus3/Kss1 MAPK-encoding gene. Fungal genomic DNA was prepared as described previously (33) , and total RNA was isolated from B. bassiana by using an RNeasy plant minikit (Qiagen Sciences). RQ1 RNase-free DNase (Promega) was used to remove DNA contamination in RNA samples. The B. bassiana Fus3/Kss1 mitogen-activated protein kinase (MAPK) gene was cloned by PCR using the degenerate primers Bm-1 and Bm-2 (Table 1) , designed to the conserved amino acid sequences (EQYDIQD and FDKHKDN) based on alignments of M. grisea PMK1 (48), C. lagenarium CMK1 (38) , F. oxysporum FMK1 (6), and B. cinerea BMP1 (54) . PCR was performed using ExTaq DNA polymerase (TaKaRa). Sequencing of the resulting PCR product revealed it to be a fragment of a Fus3 (Kss1)-related MAPK gene. The complete gene was subsequently cloned by PCR walking using a Y-shaped adaptor-dependent extension (YADE) method as described previously (8) with the primers given in Table 1 . All PCR products were cloned into the A-T cloning vector pGEM-T Easy (Promega) according to the manufacturer's instructions and subsequently sequenced. The nucleotide sequence of the complete gene, designated Bbmpk1, was assembled using the PCR and YADE products based on overlapping regions. Primers (Table 1) were designed to clone the cDNA sequence of this gene using the 3Ј full rapid amplification of cDNA ends (RACE) core set (TaKaRa).
Bbmpk1 disruption and reverse complementation. Plasmid pK2-BarGFP containing the herbicide resistance gene bar and the enhanced green fluorescent protein gene egfp was generated by inserting a bar::gfp fusion gene (16) into the EcoRI and HindIII sites of the binary vector pPK2 (27) from which an hph cassette was deleted. The 3Ј end of Bbmpk1 (3Ј Bbmpk1) was cloned by PCR with the primers R1 and R2 (Table 1) using ExTaq DNA polymerase (TaKaRa). The resulting PCR product was cloned into pMD18-T (TaKaRa). The correct insertion of the end of Bbmpk1 in the vector was confirmed by digestion with KpnI to yield a 0.5-kb fragment. The 3Ј end of Bbmpk1 was excised from the resulting vector by EcoRI and SpeI, blunt ended using T4 DNA polymerase at EcoRI site, and then inserted into XbaI and bluntended HindIII sites of pk2-BarGFP, yielding pK2-BarGFP:3ЈBbmpk1. The 5Ј end of Bbmpk1 (5Ј Bbmpk1) was amplified with the primers L1 and L2 with ExTaq DNA polymerase (TaKaRa). The PCR product was cloned into pGEM-T Easy (Promega) to form pGEM-5ЈBbmpk1. The 5Ј end of Bbmpk1 was then excised from pGEM5Јmpk1 by partial digestion with EcoRI due to the presence of an internal EcoRI site existing in the fragment and inserted into the unique EcoRI site of pK2-BarGFP: 3ЈBbmpk1. The resulting gene replacement vector was confirmed by PCR using the primers L1 and B2 (5Ј end sequence of bar) ( Table 1 ). The clone was ϳ3.7 kb, containing 0.97 kb of the 5Ј end of MPK1 and 2.68 kb corresponding to the bar resistance gene cassette. The resultant final plasmid construct, designed as pBG⌬mpk1, was mobilized into A. tumefaciens AGL-1 for fungal transformation (10) .
Bbmpk1 disruption mutants were initially selected on the basis of herbicide (glufosinate-ammonium) resistance and expression of green fluorescent protein (GFP). PCR performed with the primer pairs G1/R2 and G1/R2Ј (Table 1) , Southern blotting, and reverse transcription-PCR (RT-PCR) were used to confirm disruption of Bbmpk1 in B. bassiana transformants, where G1 was designed to the 5Ј end of egfp and R2Ј corresponded to the 3Ј flanking sequence of R2.
To complement the ⌬Bbmpk1 mutant, a master vector pK2ben containing the benomyl-resistant tubulin gene ben from Neurospora crassa as a selectable marker was constructed (32) . The ben cassette was cloned from pMYX2 by PCR using primers Ben1 and Ben2 (Table 1 ) and the PrimeSTARTM HS DNA polymerase (TaKaRa). The resultant fragment was then inserted in HindIII and blunted-EcoRI sites of the binary vector pPK2 (27) , replacing the hygromycin marker in the original vector. The Bbmpk1 gene containing its upstream and downstream sequences was amplified with the primers Bbmpk1 F and Bbmpk1 R (Table 1) using PrimeSTARTM HS DNA polymerase (TaKaRa). After being confirmed by sequencing, the resultant PCR product was digested with XbaI and EcoRV and inserted into XbaI and blunt-ended HindIII sites of pK2ben to form pK2ben-Bbmpk1. This plasmid was mobilized into A. tumefaciens AGL-1 for fungal transformation (10) . Reverse complementation transformants were initially selected for benomyl resistance (1.5 g of benomyl/ml). PCR performed with the primers Bbmpk1 F and Bbmpk1 R ( Table 1) was then used to confirm the insertion of the wild-type Bbmpk1. The expression of Bbmpk1 was then confirmed by RT-PCR with the primers Bbmpk1-1 and Bbmpk1-2 (Table 1) .
Blotting analysis. Approximately 25 g of genomic DNA digested with appropriate restriction enzymes for each sample was used in Southern blot analyses. The DNA probes were labeled with [␣-32 P]dCTP using a Ready-To-Go DNA labeling kit (Amersham Biosciences). For dot blot analysis, the cDNA probes were labeled with digoxigenin according to the instructions provided in the DIG High Prime DNA Labeling and Detection Starter Kit I (Roche).
Protein extracts were prepared from mycelium inoculated in cicada (Graptopsaltria nigrofuscata) cuticle broth (53) and cultured at 26°C with aeration. Tenmilliliter aliquots of the growing culture were sampled at 12, 24, 36, and 48 h postinoculation and cleared of hyphal debris by filtration through a Whatman grade 4 filter paper. The proteins in the filtrate were precipitated by using acetone and dissolved in 8 M urea. For Western blot analyses, protein samples (5 g) were analyzed by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-10% PAGE) and subsequently transferred to a polyvinylidene difluoride membrane (Roche). Immunoblotting and blot development were performed according to the instructions provided with an Opti-4CN Western blot kit (Bio-Rad). Cuticle-degrading enzymes Cdep1 (Pr1 protease) and Bbchit1 (chitinase) were detected by using antibodies raised in rabbit (7, 8) .
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Quantification of conidia yield and insect bioassays. Conidial production on agar plates was determined according to a previously described method (53) .
Third-instar larvae of Pieris brassicae reared on cabbage in the greenhouse were used for insect bioassays. Conidia of the wild-type and Bbmpk1 disruption strains were applied either topically by immersion of larvae in an aqueous suspension containing 10 7 conidia/ml for 20 s or by injecting the second proleg with 3 l of an aqueous suspension containing 10 7 spores per ml (42) . Each treatment had three replicates with 10 insects each, and the experiments were repeated twice. Mortality was recorded every 12 h. Additional insects were injected and bled 48 h later to observe the extent of hyphal body differentiation within the insect hemocoel.
Determination of adherence and appressorium formation. Conidial adherence to cicada hind wings was investigated as described previously (43, 53) . The wings were immersed in a conidial suspension in water at a concentration of 2 ϫ 10 7 spores/ml for 20 s, and placed on 0.7% water agar. After incubation for 8 h, the conidia were counted under a light microscope before and after washing out the less-adherent conidia in 0.05% Tween 20 for 30 s. Appressoria were induced on cicada hind wings according to a previously described method (44) . Portions (50 l) of 2 ϫ 10 7 conidia/ml were spotted onto the wing sterilized using 37% H 2 O 2 . After incubation up to 22 h at 26°C, the appressoria were examined microscopically.
RT-PCR analysis. Two micrograms of total RNA was reverse transcribed using an oligo(dT)-primed cDNA synthesis kit (MBI Fermentas), and the firststrand cDNA was used as the template for PCR amplification. The expression of Bbmpk1, Bbgpd, and ␤-tubulin was investigated during growth in Czapek-Dox broth containing 0.5% (wt/vol) peptone for 24 h. Primer sequences for the three genes used are shown in Table 1 . The expression of genes from SSH library was investigated at the stage of appressorium formation. Wild-type (WT) and ⌬Bbmpk1 conidia were inoculated on cicada hind wings (to induce appressorium formation) and incubated for 22 h at 26°C. Total RNA was extracted and subjected to RT-PCR analysis using Bbgpd and ␤-tubulin as references. Primer sequences for the SSH clones are shown in Table S2 in the supplemental material. All RT-PCR analyses were performed for 25 cycles. Fungal samples for cDNA library construction were prepared as follow: 50 l of WT and ⌬Bbmpk1 conidial suspension at a concentration of 2 ϫ 10 7 spore/ml was inoculated onto a cicada hind wing (to induce appressorium formation) and incubated for 22 h at 26°C. RNAs were extracted from 10 inoculated wings for each strain. A suppression subtractive library was prepared according to the manufacturer's instructions (PCR-Select cDNA subtraction kit; Clontech, Palo Alto, CA), using RNA isolated from the WT strain and the ⌬Bbmpk1 mutant as the tester and driver transcript populations, respectively. Clones representing transcripts expressed differentially in WT and mutant strains were ligated into vector pGEM-T Easy (Promega), transformed to E. coli DH5␣. Colonies containing inserts (white) were inoculated onto Hybond N ϩ nylon membranes (Amersham) placed on LB agar plates, and a reference set of these colonies was prepared by replica plating. The colonies formed on the membrane were lysed, and the resultant DNA was denatured and fixed onto the membranes in situ as described previously (12) . The membranes were hybridized with cDNA pools representing tester populations (WT mRNA) and driver populations (mutant mRNA) according the instructions of the PCR-Select differential screening kit (Clontech). Dot blots were probed with DIG-labeled first-strand cDNA according the instructions provided with the DIG High Prime DNA Labeling and Detection Starter Kit (Roche). Clones uniquely expressed in the wild-type strain were sequenced (Invitrogen).
Data analysis. Statistical analyses of the data were performed using one-way analysis of variance, and the significance between treatments was tested using the lease significant difference or the Dunnett T3 method. All statistical analyses were carried out with the SPSS 8.0 program.
Nucleotide sequence accession numbers. Data reported here have been deposited in the GenBank database under the following accession numbers: AY348317 for Bbmpk1 genomic DNA, AY333430 for Bbmpk1 mRNA, and AY679162 for Bbgpd genomic DNA. The GenBank/EMBL/DDBJ accession numbers for the SSH sequences are shown in Table S1 in the supplemental material.
RESULTS
Gene cloning of Bbmpk1. A Fus3/Kss1-related MAPK gene, designated Bbmpk1, was cloned from B. bassiana by PCR amplification using genomic DNA as the template and degenerate primers, with additional flanking sequences obtained via YADE as described in Materials and Methods. Based on the putative coding sequence identified using BLASTX, additional primers were designed to clone the Bbmpk1 cDNA sequence using 3Ј RACE (rapid amplification of cDNA ends). The cDNA fragment contained a 1,071-bp open reading frame that encoded a 356-amino-acid protein with a predicted molecular mass of 41.2 kDa and a deduced pI of 6.6. Three introns were identified in the DNA sequence by comparison of the genomic sequence to the cDNA sequence. The predicted BbMPK1 protein had typical features of MAPKs, including 11 protein kinase domains and double TEY phosphorylation sites. The amino sequence of BbMPK1 showed 94 to 96% identity to F. oxysporum FMK1 (6), Trichoderma virens TMKA (30), M. grisea PMK1 (48), C. lagenarium CMK1 (38) , and B. cinerea BMP1 (54). Southern blot analysis with genomic DNA digested with XbaI, BamHI, SmaI, and SpeI indicated that Bbmpk1 is a single-copy gene in B. bassiana (data not shown).
Bbmpk1 influences conidiation of B. bassiana. To investigate the function of Bbmpk1 in B. bassiana, a gene disruption strategy was used. The Bbmpk1 gene replacement vector pBG⌬mpk1 was constructed by replacing a 142-bp sequence in the Bbmpk1 coding region with the bar::gfp fusion gene cassette (see Fig. S1A in the supplemental material). The disruption mutants of Bbmpk1 were screened by PCR using two different primer pairs, G1/R2 and G1/R2Ј (Table 1 ) (data not shown) and then verified by Southern blotting and RT-PCR (see Fig. S1B and C in the supplemental material). Three Bbmpk1 disruption mutants, ⌬Bbmpk1 2112, ⌬Bbmpk1 2167 and ⌬Bbmpk1 2179, were randomly selected for further study.
The ⌬Bbmpk1 mutants formed typical white colonies on SDAY plate and produced morphologically normal conidia. No obvious reduction in colony growth rate and conidial germination was observed in ⌬Bbmpk1 mutants (data not shown). However, disruption of Bbmpk1 resulted in a reduction in conidiation, with a 55.4% decrease in conidia/day/cm 2 compared to the WT on SDAY (F 2,14 ϭ 60.58; least significant difference for the post hoc test, P Ͻ 0.001), while the complemented ⌬Bbmpk1 was similar to WT in conidial yield (Fig. 1A) , suggesting that Bbmpk1 is involved in conidiation.
To determine the ability of hyphae to breach the liquid-air interface, 150-l drops of Sabouraud dextrose broth supplemented with 1% (wt/vol) yeast extract containing conidia at a concentration of 10 5 spores/ml were placed in a plastic petri dish and inoculated at 100% humidity and 26°C. After 96 h, the mutant formed a smooth velum in the air-liquid interface, while the WT grew a fluffy velum (Fig. 1B) the wild-type strain was 3.2 days, no significant mortality due to application of the Bbmpk1 mutant conidia to the host larvae was noted even after 6 days. These data indicate that Bbmpk1 is essential for the pathogenicity of B. bassiana. Application of WT conidia resulted in the appearance of a cuticle melanization response within 2 days postinoculation, whereas no such response was noted for insects treated with conidia derived from the Bbmpk1 mutant strain. Application of WT conidia resulted in insect death within 4 days after inoculation, and hyphae were observed penetrating the cuticle outward from within the insect body, with new conidia produced on the cadaver surface ϳ6 days after inoculation. In contrast, the mutant did not cause any infection symptoms and most of the treated insects underwent normal pupation ϳ6 days after inoculation ( Fig. 2A) . Similar results were obtained in insect bioassays using aphids, Myzus persicae (data not shown). The full virulence was restored by reintroducing Bbmpk1 into the mutant ( Fig. 2A) . When fungal conidia were injected directly into P. brassicae larvae through the intersegmental membrane into the hemocoel, similar mortality values were observed between WT and Bbmpk1 mutant strains and, 4 days after injection, all of the insects in both treatment groups were moribund (Fig. 2B) . Some morphological differences were noted between WT and ⌬Bbmpk1 hemolymph derived (in vivo) hyphal bodies (Fig.  3A) . However, in contrast to the WT strain and the complemented ⌬Bbmpk1, the Bbmpk1 mutant failed to sporulate on the insect cadaver, suggesting an inability of the hyphae produced in the insect hemocoel to penetrate the cuticle outwards (Fig. 2B) .
Bbmpk1 influences adherence of conidia and is essential for appressorium formation. To investigate the effect of the Bbmpk1 disruption on virulence-related phenotypic parameters, spore adherence and appressorium formation was examined. Conidial adherence was assayed using cicada hind wings as described previously (43, 53) . Conidial suspensions were applied in the cicada substrata and, 8 h after inoculation, only 27.8% Ϯ 3.8% of the mutant conidia remained on the wings after a wash step using 0.05% (vol/vol) Tween 20, compared to 81.1% Ϯ 10.5% of the WT strain conidia (df ϭ 4; t ϭ 9.56; P Ͻ 0.01) (Fig. 3B) , indicating that conidial adherence to the insect cuticle was severely impaired by the gene disruption.
Appressorium formation was induced by application of the fungal conidia on cicada hind wings and allowing for fungal germination and growth (44) . These experiments revealed that most of the WT B. bassiana conidia germinated and formed appressoria on the wings ϳ22 h after inoculation. However, no appressorium formation was observed under identical condition in the ⌬Bbmpk1 mutant, although the conidia did germinate and grow (Fig. 3C) .
BbMPK1 does not influence expression of cuticle-degrading enzymes Cdep1 and Bbchit1. B. bassiana expresses two wellcharacterized cuticle-degrading enzymes, Cdep1, a Pr1-like protease implicated in the degradation of cuticular proteins and peptides, and Bbchit1, a chitinase involved in the degradation of the chitin that comprises the insect cuticle. The effect of disruption of Bbmpk1 on the expression of these two cuticledegrading enzymes was investigated by Western blots. The results showed that the expression patterns of Cdep1 and Bbchit1 were similar in the WT and ⌬Bbmpk1 strains when induced by insect cuticle (see Fig. S2 in the supplemental material).
Construction and differential screening of an appressoriumstage SSH cDNA library. In order to identify potential BbMPK1-regulated target genes involved in appressoria formation, a SSH library was constructed using WT mRNA isolated from cells at the stage of appressorium formation (grown on cicada hind wings at 26°C for 22 h) as the tester and Bbmpk1 mutant mRNA isolated from cells grown under the same condition as the driver.
From the resultant subtracted library, 1243 bacterial (transformant) colonies were preserved individually as the subtraction library. The library was then screened by dot blotting according the instructions of a PCR-select differential screening kit (Clontech). A total of 195 cDNA clones were found to hybridize exclusively to the WT tester mRNA pool (appressorium cDNA probe) and were selected for sequencing. Sequence analysis indicated that the insert sizes for the isolated clones ranged between 201 and 781 bp and corresponded to 31 unique genes. RT-PCR analysis showed that 19 genes were expressed in the WT strain but not in the mutant, and 12 additional genes showed markedly reduced transcript levels in the mutant (Fig. 4) .
Bioinformatic analysis revealed that 5 clones (A30, A781, A886, A929, and A1023) showed high similarity to known genes (identities Ն 89%), specifically to histone H3, a putative aldehyde dehydrogenase, translation elongation factor 1␣, ADP-ribosylation factor, and ATP-dependent RNA helicase. Five clones (A131, A140, A509, A668, and A1073) displayed medium similarity to known genes (identities Ն 64%) that included an rRNA intron-encoded homing endonuclease, hemagglutinin esterase (infectious salmon anemia virus), cytochrome c oxidase polypeptide Via, the CHK1 checkpoint-like protein, and a hydrophobin (Hyd2). One clone (A544) displayed weak similarity to a hydrophobin 3 precursor (Fusarium culmorum) (identities ϭ 44%). Eight clones had weak or high similarity to hypothetical protein encoding genes, and the remainder had no similarity to known genes ( Table 2) .
DISCUSSION
In several phytopathogenic fungi, Fus3/Kss1 related MAPKs are essential for appressorium formation and virulence. Mutants of Fus3/Kss1 homolog-encoding genes in M. grisea, C. lagenarium, C. gloeosporioides, and P. teres failed to produce appressoria and were avirulent (35, 38, 48) . The B. bassiana MPK1 described in this report shares some conserved charac- teristic features of MAPKs related to Fus3/Kss1, and our data indicated that it is required for pathogenicity and differentiation of infection structures. Overall, these results suggest convergent roles for the phytopathogenic and entomopathogenic YERK1 family Fus3/Kss1 MAPKs in appressorium formation and virulence. In fungal phytopathogens, a general feature of YERK1 family MAPK mutants is that, in addition to being deficient in infection-related morphogenesis and penetration, they are also unable to grow invasively on living plant tissue (6, 38, 48, 54) . However, hyphae of the ⌬Bbmpk1 mutant injected into the insect bodies were able to proliferate in the insect coelom, indicating some divergent regulatory pathways in entomopathogenic fungi. Cuticle penetration is thought to require both enzymatic degradation and mechanical pressure exerted by the penetrating hyphae. However, the hyphal bodies of the ⌬Bbmpk1 mutant grown in the insect coelom appeared to be unable to penetrate the cuticle outward and consequently failed to sporulate on the host cadaver surface. These results indicate a deficiency in penetration phenotype for ⌬Bbmpk1 and suggest possible defects in establishing the required mechanical pressure to penetrate through the cuticle particularly since no effect was observed on the expression of the protease and chitinases enzymes that participate in enzymatic degradation of the cuticle during penetration. The formation of appressoria is a pivotal process for many plant and insect fungal pathogens that utilize host cuticle penetration leading to mycosis (4). In M. grisea, appressoria generate hydrostatic turgor by accumulating molar concentrations of glycerol (5, 29) . Glycogen and lipid mobilization in M. grisea did not occur in a ⌬pmk1 mutant, which lacked the MAPK required for appressorium differentiation (40) . In B. bassiana, we found that transcript levels of an ADP-ribosylation factor homolog was significantly decreased in ⌬Bbmpk1 mutants at the stage of appressorium formation, suggesting that BbMPK1 is possibly involved in the regulation of vesicular traffic, lipid metabolism, microtubule dynamics, and development (23) .
Hydrophobins are generally thought to be ubiquitous proteins of fungal walls. These proteins form an outer layer coat on conidia and in certain cases on hyphae and play a role in a broad range of processes during fungal growth and development. They are involved in the formation of aerial structures and in attachment to hydrophobic surfaces (2, 15, 46) . For instance, the hydrophobin MPG1 of M. grisea directs formation of a rodlet layer on conidia, which contributes to the hydrophobicity of the surface, and a ⌬mpg1 mutant showed reduced infectivity coupled to an inability to form appressoria (39) . In our previous study, disruption of a HOG1 kinase gene, Bbhog1, in B. bassiana caused a dramatic decrease in transcript levels of two hydrophobin-encoding genes hyd1 and hyd2 (53) . ⌬Bbhog1 mutants also showed greatly reduced pathogenicity, decreased spore viability, reduced ability to attach to insect cuticles, and a reduction in appressorium formation. In the present study, disruption of Bbmpk1 in B. bassiana caused a change in the expression pattern of two hydrophobin genes. First, expression of a hydrophobin-encoding gene, A1073 (similar to the B. bassiana hydrophobin Hyd2), was dramatically reduced in the ⌬Bbmpk1 mutant. Second, another gene, A544, which showed similarity to the F. culmorum hydrophobin 3 precursor, was found to be expressed in the wild-type strain but not in the ⌬Bbmpk1 mutant. Moreover, ⌬Bbmpk1 mutants showed a defect in surface hydrophobicity and a reduction in attachment to insect cuticles. These data are consistent with the idea that hydrophobins mediate surface hydrophobicity which partially controls attachment and appressorium formation (14) . In addition, our data show that BbMPK1 may also contribute to the regulation of the mitochondrial electron transport chain (37) since a cytochrome c oxidase homolog was identified to be expressed in the WT parent but not in the mutant during appressoria formation. Transcript levels of six genes (A30, A131, A668, A1023, A886 and A781), which had similarity to histone H3, rRNA intron-encoded homing endonuclease, CHK1 checkpoint-like protein, ATP-dependent RNA helicase, translation elongation factor 1 alpha and a putative aldehyde dehydrogenase, respectively, were also markedly reduced in ⌬Bbmpk1 mutants during appressorium formation. These results suggest that BbMPK1 probably influences DNA repair (11, 18) , transcription (11, 17) , chromatin remodeling (11, 25) , rRNA processing, small nucleolar RNA accumulation (11), translation and posttranslational modification (34, 55) , oxidation of aldehydes (24, 45) , and likely other cellular processes. In addition, a virus hemagglutinin esterase homolog (A140) was found to be exclusively expressed in WT, but its origin and role in eukaryotic cells remains unknown. Further experiments are needed to confirm and elucidate the relationship between BbMPK1 signal pathway and the putative target genes involved in the corresponding biological processes.
As noted above, regulatory genes affect a broad set of targets, and their disruption often results in pleiotropic losses of function. In several plant pathogenic fungi, expression of some cell wall-degrading enzymes are regulated by Fus3/Kss1 homologs MAPK. One of the targets of Kss1 is PGU1, a gene that encodes a secreted endopolygalacturonase that may aid in invasion of the natural plant substrate of S. cerevisiae (26) . PL1, which encodes a pectate lyase, is underexpressed in a mutant of the vascular wilt fungus F. oxysporum lacking the MAPK Fmk1 (6). Expression of two cellulolytic enzymes encoding genes, CBH7 and EG6, was strictly regulated by Chk1 MAPK signal pathway in C. heterostrophus (21) . In A. brassicicole, the amk1 disruption mutants expressed extremely low amounts of several hydrolytic enzyme genes that were induced over 10-fold in the WT during infection (3) . Similarly, a MAPK suppresses the expression of cuticle-degrading enzyme encoding genes related to mycoparasitism in Trichoderma virens (28) . However, disruption of Bbmpk1 in B. bassiana did not influence expression of two insect cuticle-degrading enzymes, a Pr1-like protease, Cdep1, and an secreted chitnase, Bbchit1, both of which are important virulence factors (8, 52) . The results suggest that expression of cuticle-degrading enzymes in B. bassiana is under the control of a different regulatory mechanism.
